Nearly four decades have passed since the appearance of the excellent review article on stopping-power methods by Allison and Warshaw (1953) . The article was a classic in that a very clear description was given of all the known methods used with accelerators. Since that time, activity in stopping-power measurements has grown at a remarkable pace. Various types of particle accelerators (single-stage and tandem Van de Graaff accelerators, pelletrons, cyclotrons and others) have become widely available. The advent of the silicon surface-barrier detector and multi-channel pulse-height analyzers has greatly simplified the determination of energy losses, and has eliminated the need for costly and bulky magnetic analyzers.
An attempt is made here to present a brief, up-todate summary of the methods that have been used for stopping-power measurements. This summary is based on a more extensive report by Powers (1988) , who surveyed the methods used in more than 450 papers published up to July 1987. The papers included in Powers' review, and in the present summary, are limited to those dealing with stopping-power measurements in gases, liquids and amorphous and polycrystalline solids. Range measurements, and topics such as channeling, straggling, or multiple scattering are excluded.
The methods described in this Section fall into nine major categories, plus an additional "miscellaneous" category. Table 9 .1 lists these methods, the frequency with which they have been used, their advantages and disadvantages, and their uncertainties. Sections 9.1 to 9.9 contain brief descriptions of Methods 1 to 9, including variants used by different experimental groups. Section 9.10 deals with miscellaneous methods for which the number of applications was less than ten.
Nearly half of the references examined were published during the last ten years. It is clear that considerable interest in stopping-power measurements persists. The use of an interposed foil, liquid, or gas between an accelerated beam or natural radioactive source and a detector is the most popular method, and was used in almost half of the experiments discussed here. Methods that have grown in popularity during the past ten years are Method 2 (shift-in-energy), Method 6 (inverted-Doppler-shift attenuation) and Method 8 (time-of-flight).
Systematic errors can be introduced into stoppingpower measurements by a great variety of factors which have been discussed, e.g., by Andersen and Ziegler (1977) and by Baueretat. (1985) . The measurements are influenced by the geometry of the projectile path through the target; by plural and multiple scattering; by target properties such as pinholes, bulk 82 and surface impurities; by target texture, i.e., the non-random orientation of crystallites in polycrystalline targets. In experiments at low energies, the targets are often thick enough so that the projectiles lose a considerable fraction of their energy. Under such circumstances, it is no longer sufficient to assign the measured stopping power to an energy that is an average of the energies with which the projectiles enter and leave the target, and a detailed analysis of the slowing down of the projectiles in the target is required for the interpretation of the measurements.
The use of different methods of measurement sometimes leads to different stopping-power values. The investigation of such discrepancies provides insight into the systematic experimental errors. Such comparisons of different methods have been carried out by Semrad et at. (1983) , Bauer et at. (1984a) , Semrad et at. (1986a) , Mertens et at. (1986, 1987) , and Bauer (1987).
Interposition of Foil or Gas in Primary or
Scattered Beams
Use of Accelerated Ions
In a very large number of experiments, thin foils or films were placed in the analyzed primary ion beam from an accelerator. 11 The ions, ranging from protons TABLE 9. I-Methods for measuring charged-particle stopping powers, their advantages, disadvantages, and uncertainties. Also shown is the number of references (up to 1987) examined in this survey. Adapted from (989) .
No. of Method
Refs. Advantages Disadvantages Error 1. Interposition of target be-224 Natural sources are relatively Accelerators are costly; method 0.2-30% tween source and detector inexpensive; method is simple involves the thin-film problems of uniformity, purity, directional effects 2. Shift in elastic scattering en-49 Effects of surface impurities are Interference effects may exist; 2-4%, but may be 7-8% ergy minimized. A broad range of necessary to include secondtargets and ion energies can be order effects for thick adsorbused ing layers 3. Intensity of elastic scattering 44 Useful for smooth, thick targets Target must be extremely 2-4%, but may be 10-12% for which thin-film prepara-smooth; good charge-collection tion is difficult; useful for is important; elastic scattering high-Z targets cross section must be well known 4. Thermometric compensation 11 Provides excellent accuracy com-Method is limited to high-con-0.3-0.5% parable to that obtained with ductivity foils, and must be other high-energy techniques used at liquid-He temperatures 5. Differentially pumped gas 36 Eliminates end-window prob-Beam-path alignment of small-S; 1-6% cell lems. Can be used for measur-angle magnetic deflectors is ing stopping powers of vapors critical; clogging of windows with very low vapor-pressure occurs with some vapors 6. Inverted Doppler shift atten-15 Particularly useful for the study Limitation of ion velocity region 1% uation method of chemical-binding effects, in which method can be used; and for measuring stopping absolute errors depend critipowers in liquids cally on knowledge oflife time of excited nuclear state 7. Shift in nuclear resonance 10 Useful for measuring proton Stopping powers obtained only 1.2-5% energy stopping powers of thin foils at or near resonance energy of and gases at energies from 0.4 nuclear reaction energies to 2 MeV 8. Time of flight 25 Provides good accuracy and is a Very thin films (a few J-Lg/ cm 2 ) 1-5% useful alternative to methods required in older versions of involving the use of semicon-method; large discrepancies ductor detectors (-30%) between experiments using older versions 9. High energy techniques 24 Provides excellent accuracy; is Requires costly accelerators; 0.2-10% particularly useful for deter-complications due to multimination of I-values in Bethe component charge states for energy region heavy ions 10. Other methods 28 to very heavy ions, with energies from a few keV to hundreds of MeV, are accelerated by a small keV accelerator, Cockcroft-Walton "Dynagen" (Shchuchinsky et at., 1983; Shchuchinsky and Petersen, 1984) , pelletron (Santry and Werner, 1979b; Pender and Hay, 1984) , single-stage Van de Graaff, tandem Van de Graaff, "Emperor" tandem Van de Graaff (Anthony, 1981; Anthony and Lanford, 1982) , foldedtandem (Porter et al., 1978) , "cyclograaff' (Haight and Vonach, 1984) , cyclotron, variable-energy cyclotron (Takahashi et at., 1983) , isochronous cyclotron (Dierckx et at., 1985) , linear accelerator, or heavy ion accelerator (Bimbot et al., 1986; Guillemaud-Mueller et al., 1986) .
by scattering either from the same side of a high-Zfoil (such as Au) or by allowing the beam to be transmitted through the foil and then placing the absorbing foil in the transmitted beam at an angle of 10 to 40 0 with respect to the primary beam direction. 12 A large number of experiments are reported in which the intensity of the ion beam is first diminished 12 Warshaw, 1949a; Kahn, 1953; Bader et at., 1956; Roll and Steigert, 1960; Hosono et at., 1965; Kloppenburg and Flammersfeld, 1966; Gorodetzky et at., 1967 Gorodetzky et at., , 1969 Ishiwari et ai. , 1967 Ishiwari et ai. , , 1971a Ishiwari et ai. , , 1971b Ishiwari et ai. , , 1974a Ishiwari et ai. , , 1974b Ishiwari et ai. , , 1977a Ishiwari et ai. , , 1979 Ishiwari et ai. , , 1982a Ishiwari et ai. , , 1982b Ishiwari et ai. , , 1984a Ishiwari et ai. , , 1984b Marcinkowski et at. , 1967; Leminen et ai., 1968; Hogberg et at., 1970; Hogberg, 1971a Hogberg, , 1971b Hogberg and Skoog, 1972; Porter et at. , 1970; Dannheim et at., 1971; Ward et at., 1972; Kelley et at., 1973; Sellers et ai., 1973; Ophel and Kerr, 1975; Shepherd and Porter, 1975; Al-Bedri et at. , 1976; Forster et at., 1976; Varley et at., 1976; Nickel et at., 1978; Foroughi et at., 1979; Santry and The scattering foil used to diminish the beam intensity is most commonly Au, although C (Gorodetzky et at., 1967 (Gorodetzky et at., , 1969 , Al (Al-Bedri et at., 1976) , Ni (Roll and Steigert, 1960; Nickel et ai., 1978), and Nd, Dy, Er (Varley et at., 1976) have been used. Santry and Werner (1979b, 1980a, 1980b, 1981a, 1981b, 1984b, 1986 ) used a multi-component foil of Al (1. 7 g/cm2), Cr (2.2 g/cm 2 ) and Au (0.32 g/cm2) to scatter the ions 90° before they pass through the interposed foils. In the experiments of Kelley et at. (1973) and of Sellers et ai. (1973) , the interposed foil was actually a thin totally-depleted surface-barrier detector through which the scattered ion beam passed.
Whether the foil or thin film is placed in the primary or scattered beam is somewhat a matter of choice. Porat and Ramavataram (1959, 1961a) observed, however, that the surface density of foils exposed to the primary beam increased, as the result of the irradiation, by more than 2 percent for He ion beams and up to 5 percent for heavy ion beams, for beam energies of 0.5 to 3 MeV.
Only four experiments (Phillips, 1953; Teplova et ai., 1962; Meckbach and Allison, 1963; Pierce and Blann, 1968 ) are reported where a gas cell with end windows is placed in the analyzed primary ion beam from an accelerator. Several experiments (Reynolds et at., 1953; Brolley and Ribe, 1955; Roll and Steigert, 1960; Swint et at., 1970; Bourland et ai., 1971 ) are reported where the gas cell with end windows is placed in the scattered ion beam. All of these latter experiments employ Au as the beam scatterer except Roll and Steigert (1960) , who used Au or Ni, and
Bourland et at. (1971) , who used Ta. Reynolds et at. (1953) found that, for proton energies from 95 to 320 keV in Ar, the gas cell in the primary beam gave the same stopping power, to within 1 percent, as that obtained with the gas cell in the scattered beam. The stopping powers for Ar were found to be independent of current density from 10 to 10-3 A cm-2 . Bourland et at. (1971) observed a similar behavior for stopping powers obtained with a primary beam of alpha particles of energy 1.0 to 2.0 MeV in a differentiallypumped gas cell of H2 and N 2 , compared to those obtained with a small gas cell placed in a backscattered ion beam at an angle of 130°. The end windows employed on these various gas cells were duraluminum (Brolley and Ribe, 1955) , SiO (Phillips, 1953) , Al (Reynolds et at., 1953), Ni (Roll and Steigert, 1960; Bourland et at., 1971), mylar (Pierce and Blann, 1968) , and celluloid (Teplova et at., 1962) . Langley (1975) combined both primary and scat- Werner, 1979b Werner, , 1980a Werner, , 1980b Werner, , 1981a Werner, , 1981b Werner, , 1984b Werner, , 1986 Anthony and Lanford, 1982; Alberts and Malherbe, 1983; Conradie et aI., 1983; Rauhala and Raisanen, 1985, 1987; Lin et ai., 1986 ; Sakamoto et ai., 1983 Sakamoto et ai., , 1986a Sakamoto et ai., , 1986b Raisanen and Rauhala, 1987. tered beams by placing a Au scatterer inside the gas cell, allowing the primary beam to travel 1.21 m in the cell, backscatter from the Au, and then travel 0.11 m to a detector. Baumgart et ai. (1983a, 1983b, 1983c, 1984a, 1984b ) also used both primary and scattered beams by employing the entire scattering chamber as a gas cell, allowing the ion beam to enter the scattering chamber through an Al or Au foil, then scatter through a second Au foil at the center of the chamber and into a solid-state detector 15° from the primary beam direction. It is of interest that Baumgart's gas measurements are the only ones made by the interposition method during the ten-year period 1977-1987. The thin films or foils are either commercial products or are prepared by vacuum deposition onto a glass substrate covered by a second substrate which is removed chemically or by distilled water after the vacuum deposition. Other substrates employed are NaCI (Cano, 1972; Bednyakov et ai., 1980 Bednyakov et ai., , 1981 ; plastic which is subsequently dissolved (Eckardt, 1978) ; C (Anthony, 1981; Anthony and Lanford, 1982; Alberts and Malherbe, 1983; Conradie et at., 1983; Lombaard et at., 1983) ; Al (Alberts and Mal herbe, 1983; Lin et at., 1986); and Hg (Burgess, 1975) .
Some of the substances used on the glass substrate are: polystyrene, dissolved by chloroform after evaporation (Nielsen, 1961) ; plastic film dissolved by etheralcohol (Warshaw, 1949b) or by acetone after evaporation (Valenzuela et at., 1972; Meckbach and Allison, 1963) ; detergent, "parting agent," Lensodel, or betaine-monohydrate, removed by water after evaporation (Booth and Grant, 1965; Armitage and Hooten, 1968; Sander et at., 1979; Andersen et at., 1980a; Blume et ai., 1980; Reid and Scanlon, 1980; Kreussler et at., 1982) ; BaCI 2 , dissolved by H 2 0 after evaporation (Ormrod, 1971) ; soap or NaCI, dissolved by distilled H 2 0 after evaporation (Mertens, 1978 (Mertens, , 1979b Mertens and Krist, 1980 , 1982a , 1982b , 1982c , 1986 Krist and Mertens, 1983a , 1983b , 1984 ; collodium, dissolved by isoamyl acetate after evaporation (Morita et ai., 1967 (Morita et ai., , 1968 Nomura and Kiyono, 1975) or removed by heating to 700 K (Blume et at., 1982); copper, dissolved by trichloroacetic acid and ammonia after evaporation (Booth and Grant, 1965) ; and potash soup in alcohol, dissolved in H 2 0 after evaporation (Arkhipov and Gott, 1969) . Nickel et at. (1978) used evaporation and a "floating-off technique, " and Santry and Werner (1979b , 1980a , 1981a , 1981b used vacuum deposition onto "suitable substrates transferred by floating in water."
Film thicknesses may vary from a few f-Lg/cm 2 thickness (Arkhipov and Gott, 1969; Valenzuela et ai., 1972; Nomura and Kiyono, 1975) to as much as 41.6 mg/cm 2 (Shiomi et at., 1986) and 267.2 mg/cm 2 (Bimbot et at., 1986) . The thin films are picked up from the dissolving solution on a Cu or Ni grid with 50-90 percent transmission and open squares of, for example, 0.046 in (Cano, 1972) . Most of the films are mounted either on a grid or wire support frame. More recent thin-film experiments involve carbon foils as thin as 1.6 to 2.0 p,g/cm2 (Skoog and Augenlicht-Jakobsson, 1976; Laubert, 1979; Steuer et at., 1982 Steuer et at., , 1983 Cowern et al., 1984a Cowern et al., , 1984b .
The film thickness can be determined by: (1) area measurement and weighing with a microbalance (the most common method); (2) optical interferometry or other optical method (see, for example, Sander et at. 1979»; (3) use of an alpha-particle thickness gauge (see, for example, Chilton et al. (1954) , Ramavataram and Porat (1959 ), Nielsen (1961 ), Nickel et at. (1978 , Pape et at. (1978) , Anthony (1981) , Anthony and Lanford (1982) , Haight and Vonach (1984), and Sakamoto et al. (1986b»; (4) use of a quartz crystaloscillator film-thickness monitor (see, for example, Cano (1972) , Nomura and Kiyono (1975), Mertens (1978) , Mertens and Krist (1980 , 1982a , 1982b ), Nyaiesh et at. (1978 , Kreussler et at. (1982 ), and Krist and Mertens (1983a , 1983b (5) measurement of the energy losses of accelerated protons or He ions in a given foil in conjunction with tabulated stoppingpower values from prior measurements (see, for example, Laubert (1979) , Andersen et al. (1980a ), Bednyakov et at. (1980 , Krist and Mertens (1983b) , Krist (1984) , Shchuchinsky et at. (1983 ), Clouvas et al. (1984 , Eckardt et at. (1984) , Schulz and Shchuchinsky (1985) , Bridwell et al. (1986), and Lin et at. (1986»; (6) analysis of the elastic scattering of ions at a backward or forward angle using the scattering cross section to determine the areal density from the elastic scattering yield (see, for example, Overbury et at. (1979) , Anthony and Lanford (1982) , Mertens and Krist (1982b) , Alberts and Malherbe (1983) , Conradie et at. (1983) , Krist and Mertens (1983b), Lombaard et at. (1983) , Haight and Vonach (1984 ), and Pender and Hay (1984 ». Warshaw (1949b criticized the use of commercial foils; he observed that the apparent stopping power of 400-keV protons varied as much as 30 percent in foils with the same weight/ area ratio, when the proton beam is sent through a randomly selected area of the target. So field et at. (1977) reported similar inhomogeneities of commercially-rolled foils. Mertens and Krist (1982b) observed that foils stored for a long time at 10-8 Torr in vacuum showed a higher energy loss for the first measurement than for subsequent ones. They also indicated that the weight calibration of foil thickness at atmospheric pressure may be falsified by residual gas layers on the target surface, and recommended pre bombardment for residual gas desorption prior to an actual stopping-power measurement. Mertens et at. (1986) stated again that transmission experiments are easily falsified by target contamina-tion, a problem that they suggest can be overcome by backscattering methods. Several other related problems are found, such as "texture" and channeling effects, which are circumvented by some experimenters by tilting the interposed foil from 5° to 7°. The energy loss has also been found to be a function of the angle at which the ions emerge from the film (see, for example, Cowern et at. (1984a Cowern et at. ( , 1984b , Eckardt et at. (1984 ), Geissel et at. (1984 , Ishiwari et at. (1982b , 1984c ), and Bednyakov et at. (1986 ». A pre-equilibrium stopping effect observed, for example, by Mertens and Krist (1982b , Reid and Scanlon (1980), and Pender and Hay (1984) with the interposition method, was not observed by Geissel et at. (1984) with the time-of-flight method. The discussion by Mertens (1987) on the interposition method includes topics on residual gas desorption of foils, ion sputtering of foils, foil contraction in the ion beam, foil contamination, directional influence on foil inhomogeneities, and the increase in the energy loss with emergence angle as a function of the atomic number of the target material.
The energy loss observed with foil or gas interposed in the ion beam is determined by: (1) a scintillation spectrometer (Brolley and Ribe, 1955) ; (2) a proportional counter (Teplova et at., 1962) ; (3) an electrostatic decelerator (Phillips, 1953) ; (4) electrostatic deflection 13 ; (5) magnetic deflection 14; (6) a solid-state detector spectrometer l5; (7) a position-sensitive detec-13 Kahn, 1953; Porat and Ramavataram, 1959 , 1961a , 1961b Gott et al., 1962; Van Wijngaarden and Duckworth, 1962; Ormrod and Duckworth, 1963; Ormrod et al., 1965; Ormrod, 1971; Morsell, 1964; Booth and Grant, 1965; Macdonald et at., 1966; Morita et at. , 1967 Morita et at. , , 1968 Arkhipov and Gott, 1969; Bernstein et at., 1970 ; Hogberg et at., 1970; Hogberg, 1971a Hogberg, , 1971b Hogberg and Skoog, 1972; Cano, 1972; Eisen et at., 1972; Nomura and Kiyono, 1975; Skoog and Augenlicht-Jakobsson, 1976; Eckardt, 1978; Eckardt et ai., 1978 Eckardt et ai., , 1984 Nyaiesh et at., 1978; Overbury et at., 1979; Sander et ai., 1979; Andersen et ai., 1980a; Blume et at., 1980 Blume et at., , 1982 Reid and Scanlon, 1980; Astner et at., 1981; Steuer et at., 1982 Steuer et at., , 1983 Krist et at., 1986; Mertens, 1986; Mertens and Krist, 1986; Mertens et at., 1986; Semrad et at., 1986a . 14 Reynolds et at., 1953 Bader et ai., 1956; Lorents and Zimmerman, 1959; Northcliffe, 1960; Roll and Steigert, 1960; Schambra et aI., 1960; Nielsen, 1961; Hosono et ai., 1965; Sautter and Zimmerman, 1965; Ishiwari et ai., 1967; Armitage and Hooten, 1968; Leminen et at., 1968; Duder et ai., 1975; Ophel and Kerr, 1975; Beauchemin and Drouin, 1978; Mertens, 1978 Mertens, , 1979a Mertens, , 1979b Mertens and Krist, 1980 , 1982a , 1982b , 1982c Porter et ai., 1978; Laubert, 1979; Krist and Mertens, 1983a, 1983b; Krist, 1984; Shchuchinsky et ai., 1983; Shchuchinsky and Peterson, 1984; Clouvas et ai., 1984; Cowern et at., 1984a Cowern et at., , 1984b Pender and Hay, 1984; Schulz and Shchuchinsky, 1985; Bimbot, 1986; Bridwell et ai.,1986. tor (Foroughi et at., 1979) ; and (8) a gas ionization chamber (Anthony, 1981) .
In the typical magnetic-deflection energy-loss measurement, the primary beam energy is fixed and the energy of the magnetic deflector is changed to determine the energy loss. In the experiments of Reynolds et at. (1953) and of Bader et at. (1956) , however, the magnetic deflector energy was fixed, and the primary beam energy of the Van de Graaf accelerator was changed to find the energy loss.
A solid-state detector spectrometer typically consists of a Si detector connected to a preamplifier, main amplifier, and multi-channel pulse-height analyzer. The pulse-height analyzer is calibrated by use of a precision pulser of known voltage, and the complete system calibrated by use of particles of known energy from a natural alpha-particle source or from nuclear reactions, or by a scattered beam of known energy.
Use of Natural Radioactive Sources
This type of measurement involves a chamber which contains a natural radioactive source of alpha particles, a detector, and provisions for foils, liquid, or gas (vapor) which can be interposed between the source and the detector. For solids or gases, the chamber is evacuated and foils of known thickness are interposed between source and detector, or else a gas whose stopping power is to be measured is admitted into the chamber.
The most commonly used source in recent years is 241Am (5.486 MeV) Thwaites, 1980 Thwaites, , 1981 Thwaites, , 1982 , although other sources are common: 212Bi (8.78 MeV) (Hanke and Laursen, 1978) ; 238PU (4.224 MeV) (Whillock and Edwards, 1978, 1979) ; 244Cm (5.807 and 5.765 MeV) ; and 148Gd (3.183 MeV) (Santry and Werner, 1979a, 1984a) . 252Cf has been used to measure fissionfragment stopping powers (Strittmatter et at., 1977; Demidovich et at., 1980; Laichter and Shafrir, 1983; Batra and Shotter, 1984; Desmarais et at., 1984 Desmarais et at., ). 1973 Shepherd and Porter, 1975; Al-Bedri et ai., 1976; Forster, 1976; Varley et ai., 1976; Ndocko-Ndongue et ai., 1977; Carnera et ai., 1978; Nickel et ai., 1978; Pape et ai., 1978; Santry and Werner, 1979b , 1980a , 1981a , 1981b , 1984b , 1986 Bednyakov et ai., 1980 Bednyakov et ai., , 1981 Fearick and Sellschop, 1980; Anthony, 1981; Anthony and Lanford, 1982; Hahn et ai., 1981; Kreussler et ai., 1982; Alberts and Malherbe, 1983; Baumgart et ai., 1983a Baumgart et ai., , 1983b Baumgart et ai., , 1983c Baumgart et ai., , 1984a Baumgart et ai., , 1984b Conradie et ai., 1983; Lombaard et ai., 1983; Sakamoto et ai., 1983 Sakamoto et ai., , 1986a Sakamoto et ai., , 1986b Takahashi et ai., 1983; Haight and Vonach, 1984; L'Hoir and Schmaus, 1984; Dierckx et ai., 1985; Rauhala and Raisanen, 1985, 1987; Guillemaud-Mueller et ai., 1986; Lin et ai., 1986; Shiomi et ai., 1986; Raisanen and Rauhala, 1987. The method has been widely used for foils 16 and gases (or vapors),17 and less often for liquids. 18 An interesting modification is the use of a "thick alpha source" proposed by Hosoe et at. (1984) , in which an 241Am source is homogeneously distributed in fine Al 2 0 3 powder ( < 1 micron size) by co-precipitation, or in which fine powders (-0.1 micron) of Fe, Co, and Ni are mixed in a solution of polonium (21OPO) nitrate. From the alpha-particle spectra obtained thereby with a Si surface-barrier detector, stopping powers of 0.1-4.0-MeV alpha particles in Fe, Co, Ni, and Al 2 0 3 were obtained.
Several experiments have been carried out to measure stopping powers or ranges of alpha particles in liquids. Most of these have been in a cylindrical chamber with a vertical axis Haque et at., 1985; Palmer, 1980a, 1980b; Rezvani and Watt, 1984b) . One experiment has been reported with a horizontal-axis configuration (Thwaites, 1981) .
When gas is used in the chamber, one must determine the distance between the source and detector as well as the gas pressure. The gas pressure in the chamber can be measured with an oil or Hg manometer. The manometer may be equipped with a cathetometer (Hanke and Bichsel, 1970; Haque and Hora, 1972; or magnifying glass (Rezvani and Watt, 1984a) to obtain a more accurate reading of the height of the Hg in the U-tube. A cathetometer may also be used to measure the source-to-detector distance (Demidovich et at., Nakhutin and Demidovich, 1973 at., 1966) , differential pressure gauge (Ouseph and Mostovych, 1978) , "calibrated barometrically independent dial gauge" (Whillock and Edwards, 1978) , and capacitance manometer (Thwaites, 1980 (Thwaites, , 1981 (Thwaites, , 1982 Rezvani and Watt, 1984a) . Several of the more recent experiments involve a fixed distance, from about 4.5 cm to as much as 40 cm, between source and detector Ouseph and Mostovych, 1978; Whillock and Edwards, 1978, 1979; Laichter and Shafrir, 1983) . Other experiments fix the gas (or vapor) pressure in the chamber and vary the path length between source and detector (Hanke and Laursen, 1978; Thwaites, 1980 Thwaites, , 1981 Rezvani and Watt, 1984a) . The variation in path length is as little as 5 to 7 cm (Thwaites, 1980) to as much as 6 to 33 cm (Thwaites, 1982) . One experiment is reported (Wenger et at., 1973) in whch the gas pressure in the chamber is fixed at atmospheric pressure, and the source-todetector distance is varied.
Since about 1960, the energy-loss determinations have mainly been made with solid-state detector spectrometers. The older energy-loss measurements were made with a windowless ionization counter (Phelps et at., 1954) , with a scintillation spectrometer (Palmer, 1961; Kamke and Kramer, 1962) , or with nuclear emulsions (Palmer and Simons, 1959) . The most recent experiments usually involve a partially or totally-depleted Si surface-barrier detector, although Li-drifted Si detectors Palmer, 1980a, 1980b ) and a Ge-on-Si detector have also been employed.
Shift in Energy of Elastically-Scattered Particles
The method was introduced by Warters (1953) to determine the stopping power of Li for protons. The uncertainty of such measurements is typically 2 to 4 percent, but has been reported to be as high as 7 to 8 percent (Borders, 1974; Miller and Hutchby, 1975) , and as high as 20 percent in a measurement of the stopping power of 1-2 ke V / u hydrogen ions in frozen nitrogen (Bjilrgesen et at., 1982) .
The shift-in-energy method is indicated schematically in Fig. 9 .1. Particles are scattered either from a smooth substrate onto which a stopping element has been evaporated, or from the front and back of the stopping layer itself. A beam of particles of energy T IB is elastically scattered from the backing material. By conservation of kinetic energy and linear momentum, the energy of the scattered particle T2B is given by
M is the mass of the incident ion, M t is the mass of the substrate atom, and ~ is the laboratory scattering angle. If a layer of absorbing film is evaporated onto a portion of the substrate material as shown in Fig. 9 .1, then the ion beam of initial energy T IB will lose energy 41Tl in the stopping layer, scatter from the surface atoms of the substrate material, lose energy 41T2 along the exit path, then leave the film and enter the detector with energy T 20' The energies T 2B and T 20 are determined from the midpoints of the "steps" in the scattering spectra corresponding to the substrate material only and to the substrate-pIus-absorber, respectively. If x is the thickness of the absorbing film, then 8T 20 = T2B -T 20 = a41T 1 + 41T 2 , or where a is the kinematic factor from Eq. (9.2), x is the absorbing film thickness, N v is the number of absorbing atoms per unit volume, 0 1 is the angle which the incident particles make with the target normal, E is the stopping cross section, T 1 is the intermediate energy along the incident path, and T 2 is the intermediate energy along the scattered path. Warters derived an expression for the case in which the angles of incidence and emergence are equal (0 1 = O 2 ); it is a trivial exercise to extend his result to the case where (h ~ 8 2 , which gives for the stopping cross section E(T x ) of the absorbing film:
, ' The first-derivative term in Eq. (9.4) is absent because it vanishes with the value of Tx from Eq. (9.6). Most experiments reported in the literature ignore the second-derivative term in Eq. (9.4), a procedure that is probably valid for very thin layers of absorbing materials. Aumayr et al. (1983) estimated, by a computer simulation for the case ofa 100 p,g/ cm2 AI target, that an error of 10 percent is incurred by failing to take into account the higher-derivative terms in Eqs. (9.4) and (9.6). The usual procedure is to obtain a first-order value of E(T x ) by neglecting the second term in Eq. (9.6). From this first-order value of E(T x ), the parameter 71 = E(T 20 ) / E(T 1B ) can be calculated, and the value of Tx improved by including the second term in Eq. (9.6). Warters (1953) found for Li stopping material evaporated onto a smooth eu substrate that the second term in the expression for Tx was "' " 2 percent of the first term, for proton energies of200-1300 keY. He evaluated the constant, B, by normalizing the experimental stopping cross sections to the theoretical expression of Livingston and Bethe (1937) at a single energy (951. 7 keV) , using the value I = 32 eV given by Haworth and King (1938) . Warters' experimental stopping powers for Li are reported (Warters et al., 1953, with an error assignment of -6 percent. An improved evaluation procedure has been published by Eppacher and Semrad (1988) which is applicable to all combinations of projectiles and targets.
Many experiments are reported in the literature using either the method essentially as given by Warters, or else in slightly modified form.I 9 In all these experiments (except Bader's), a backward scat-19 Bader et al., 1956; Moorhead, 1965; White and Mueller, 1967, 1969; Powers et al., 1968; Chu and Powers, 1969; Thompson and MacKintosh, 1971; van Wijngaarden et aI., 1971; Borders, 1972 Borders, , 1974 Langley and Blewer, 1973, 1976; Lin et al., 1973a Lin et al., , 1973b Ziegler and Brodsky, 1973; Miller and Hutchby, 1975; Matteson et al., 1978; Luomajiirvi, 1979 tering angle ranging from 130 0 (Warters, 1953; Powers et al., 1968; Chu and Powers, 1969; Lin et al., 1973a Lin et al., , 1973b to 176 0 (Bauer et al., 1984a (Bauer et al., , 1984b Bauer and Semrad, 1986 ) was used. In most of these experiments, the energy spread T2B -T 20 has been measured by a solid-state spectrometer, although use has also been made of an electrostatic analyzer (Moorhead, 1965; van Wijngaarden et al., 1971; Thompson and Poehlman, 1980; Thompson et al., 1981; B0rgesen et al., 1982) or a magnetic spectrometer (Warters, 1953; Bader et al., 1956; Powers et at., 1968) .
The substrate backing materials reported are Cu (Warters, 1953) , Mo (Langley, 1975) , Au (Moorhead, 1965) , Ta (Powers et al., 1968; Chu and Powers, 1969; Lin et al., 1973a Lin et al., , 1973b Luomajiirvi, 1979), Si (Semrad and Bauer, 1978; Fontell and Luomajarvi, 1979; Thompson and Poehlman, 1980; Thompson et al., 1981; Stoquert et al., 1982; Mertens and Krist, 1982c; Bauer et al., 1984b) , thermally-oxidized Si (Matteson et al., 1978) , Si0 2 (Baglin and Chu, 1978; Besenbacher et at., 1981b) , sapphire single crystals or poly-sapphire (Borders, 1972 (Borders, , 1974 Langley and Blewer, 1973; Ziegler and Brodsky, 1973) , NaCI (Bednyakov et al., 1986) , rock salt (Nasu et al., 1978) , Kapton (Oberlin et al., 1980) , AI (Lin et al., 1973a , 1973b Oberlin et al., 1980; Kuldeep and Jain, 1985) , Be (Langley and Blewer, 1973; Chu et al., 1978; Thompson and Poehlman 1980; Semrad et al., 1983 Semrad et al., , 1986b Bauer et al., 1984b; Bauer and Semrad, 1986), C (B0rgesen and Nicolet, 1977; Bauer et al., 1984a), vitreous C (Miller and Hutchby, 1975; Thomas and Fallavier, 1978) , pyrolitic C (Semrad et al., 1983; Bauer et al., 1984a) , and perhaps the most unique of all: frozen Xe (B~rgesen et al., 1982) . White and Mueller (1967) used substrates of Be, AI, Cu, and stainless steel without observing any change in the stopping power of the absorbing film. Lin et al. (1973a Lin et al. ( , 1973b used AI and Ta substrates and also did not observe any change in the stopping power of the absorbing film.
Several experiments are reported in which, instead of measuring the energy shift of a thick-target step, a thin Au, Ta, or W layer or marker is deposited between the substrate and the absorbing layer (White and Mueller, 1967, 1969; Thompson and MacKintosh, 1971; Borders, 1972 Borders, , 1974 Ziegler and Brodsky, 1973; Baglin and Chu, 1978; Chu et al., 1978; Thomas and Fallavier, 1978; Besenbacher et al., 1981b) . Usually, a portion of the substrate-plus-marker is excluded from the vapor deposition of the absorbing film, so that a scattering spectrum is obtained first from the substrate-plus-marker and then from that of the absorbing film on top of the substrate-plusmarker. The shift in energy T2B -T 20 is then simply determined from the position of the two markers in the scattering spectrum.
Another popular modification of the method is to deposit the thin film onto a substrate whose atoms are less massive than those of the absorbing film . In this case, the elastically-scattered particle spectrum will appear as in Figure 9 .2. For this case, T2B corresponds to scattering from the surface atoms of the absorbing film and T 20 to scattering from the back of the absorbing film (i.e., from the interface between the absorbing film and the substrate). The kinematic constant a(M, Mb Or,) of Eq. (9.2) is then modified in this approach so that M t is now the mass of the absorbing atom instead of the mass of the substrate atom. Van Wijngaarden et al. (1971 ) used a thin film of Au with no substrate to obtain a " trapezoidal" spectrum of the above type. Ziegler and Brodsky (1973) used tungsten markers, and checked the energy measurements by obtaining the width T2B -T 20 of two Si "trapezoids" (of the type shown in Figure  9 .2) at two different scattering angles. In calculating the energy T x , they omitted the factor ~ = cos Od cos O 2 , ~hich, for their geometry, would be close to unity (f3 = cos OO/ cos 10° = 1.015). This modified method has been used more recently by Matteson et al. (1978) , Nasu et at. (1978) , Fontell and Luomajarvi (1979) , Luomajarvi (1979) , Oberlin et at. (1980) , Thompson and Poehlman (1980) , Thompson et al., (1981) , Stoquert et al. (1982) , Semrad et al. (1983) , Bauer et al. (1984a Bauer et al. ( , 1984b Bauer and Semrad (1986), Kuldeep and Jain (1985) , Mertens et al. (1986 ), and Semrad et al. (1986a , 1986b .
Oetzmann and Kalbitzer (1980) took targets of Si and Ge and "amorphized" them by an ion dose of3 x 10 15 Ne ions/cm 2 at 20 keY; a similar procedure was followed in e targets with 10 16 N ions/cm 2 at 40 keY. Next, 10 15 Bi ions / cm 2 were embedded in the e , Si, or Ge at energies from 7 to 40 keY. The energy 8T Bi was obtained by backscattering 0.2-1.0 MeV 4He ions at Or, = 127°. The effective thickness ax is the range of the Bi ions. From the 4He backscattering spectrum and ax, the stopping power for 0.2-1.0 MeV 4He ions in e , Si, and Ge was determined.
Another modification of the method was given by B0rgesen and Nicolet (1977) in which Or, and the incident path through the deposited film are kept the same, but a different path is selected for the particles scattered from the back layer of the film by placing the detector at two separate positions. This procedure causes the back portion of the spectrum "trapezoid" to be shifted to a lower energy for the longer exit path through the film. A similar procedure was suggested by Semrad and Bauer (1978) and Semrad et al. (1983) , who used a tilted target in which Or, and the incident path through the film are the same as in B0rgesen's approach, but in which the detector is arranged so that the shift to lower energy for the back portion of the spectrum " trapezoid" is caused by the target first being located in one position, and then being tilted to a second position for which the path of the particles emerging from the target is longer.
A somewhat different approach was proposed by Baptista et al. (1986a Baptista et al. ( , 1986b and Barros Leite et at. (1987) in which one examines the transmitted scattered particles from the front and back layer of a tilted target, rather than looking at the reflected scattered particles. The detector is, therefore, on the transmitted side of the target, rather than on the incident side of the target. The scattering in both cases occurs at OL = 90°, but the particles scattered from the front surface are then transmitted through the film to the detector, and the incident particles which traverse the film to the back surface are scattered into the detector without any further penetration as commonly happens.
Thin-film preparation is standard, and is similar to that employed in the transmission experiments discussed in Section 9.1 .1. The Au, Ta, or W markers are prepared by resistance heating or by electron-beam bombardment. The high-melting-point elements reported by Lin et al. (1973a Lin et al. ( , 1973b were prepared by electron-beam bombardment of metals in a e crucible mounted in a water-cooled eu hearth, or by rf sputtering. The thickness of the absorbing films on the substrates was obtained by weighing with a microbalance the film deposited on a known area; by neutron activation analysis (Matteson et al., 1978) ; by a Tolansky interferometer and checked by Talysurf and Talystep (these are commercial instruments used by Ziegler and Brodsky (1973»;  or by a quartzcrystal resonator and checked by a microbalance weight measurement (Langley and Blewer, 1973, 1976) .
Bauer (1987) has recently given a summary of the method as applied to 30-600 keY protons and deuterons. Topics covered in his summary are targettexture effects; accelerator energy calibration; multiple and plural scattering (in which he recommends that near-normal incidence and exit be employed to minimize these effects); detector resolution (in which he states that the width of the "trapezoid" spectrum should be at least 2.5 times greater than his surfacebarrier detector resolution of 3 keY for protons); surface and bulk target impurities (surface impurities are no problem but bulk impurities of 1 percent oxygen by mass may yield errors up to 5 percent for 100-keV protons in Au); nonlinearity of the surfacebarrier detector. He concludes that this kind of experiment leads to errors of about 3 percent.
Advantages of the Method: (1) A broad range of target materials and ion energies can be used and experimental errors can be kept to within 2-3 percent.
(2) Since absorbing materials are evaporated onto thick substrates, problems such as rupturing or excessive heating of thin films are eliminated or minimized.
(3) Problems of surface impurities are also minimized by the method.
Disadvantages of the Method: (1) Interference may exist between the substrate step and the absorbing step (or "trapezoid") in the scattering spectrum for certain combinations of M, Mt> Or" and T 1B -a problem which makes the determination of energy T 20 difficult or impossible. Care must, therefore, be taken in the choice of a substrate material and of a particular scattering angle 1\.
(2) For thick absorbing layers, all second-order corrections in Eqs. (9.4) to (9.7) should be included.
Use of the Intensity of Elastic Scattering from a Thick Target
The scattering geometry is given in Figure 9 The relationship between the thickness 88 at depth 8 to the energy spread of particles 8T 20 at the detector has been shown (Wenzel, 1952; Powers, 1961; Powers and Whaling, 1962; Sirotinin et at., 1972 Sirotinin et at., , 1984 Jack, 1973; Lin et at., 1974; Ved'manov et al., 1978; Izmailov et al., 1980; Pearce and Hart, 1981; Khodyrevet at., 1984) , for the above scattering geometry, to be 88 8T 20 (9.8) where the effective stopping cross section, Eeff' is given by 
where No is the number of incident particles, (da/ d!1)lab is the elastic scattering cross section, and t1!1 is the solid angle subtended by the detector. (da/d!1)lab is usually taken to be the Rutherford cross section given in laboratory coordinates (Segre, 1964) : (1980) and in Sirotinin et ai. (1984) ; second-order corrections may be found both in L'Ecuyer et ai. (1979) and in Andersen et ai. (1980b) . The electron-screening correction is more dominant for large-Z targets and low ion energies and was found to vary by 1-3 percent for 200-600 keV protons in rare-earth elements (Knudsen et ai., 1980) . The energy spread 5T 20 in the scattering spectrum is usually given in terms of the channel width in a multi-channel pulse-height analyzer utilized with solid-state detector spectrometer, or in terms of the momentum or energy resolution, R = P20/5P20 = 2 T 20/ 5T 20, when a magnetic spectrometer is employed to detect the elastically-scattered particles.
(An excellent description of the experimental method of Wenzel and Whaling, when used in conjunction with magnetic spectrometers, is given by Allison and Warshaw (1953) ).
The method has been used to make absolute stop-ping cross-section measurements,20 and also relative stopping cross-section measurements. 21 For an absolute measurement, it is essential that an accurate determination be made of the number, No, of incident particles. A standard current integrator (Wenzel and Whaling, 1952; Lin et ai., 1974; Matteson et ai., 1976 Matteson et ai., , 1977 is normally used to measure No. The incoming beam passes through an electric field to deflect away any electrons in the primary beam, and the target rod is maintained at a few hundred volts positive to prevent secondary electron emission when the primary ion beam strikes the target. Lin et ai. (1974) used a parallel-plate electric deflector in the primary beam and also applied the same negative bias voltage of -450 V to a cylindrical wire screen coaxial with the target rod. He and his co-workers also calibrated the current integrator by the scattering yield from a reference thin target of known areal density divided by the yield calculated by taking the total charge from the current integrator reading. Pearce and Hart (1981) used a negative electron shield to eliminate the influence of secondary electrons. The article by Matteson and Nicolet (1979) provides an excellent discussion of secondary-electron suppression and on how errors may be reduced to the 1 percent level. Another problem that must be dealt with in an absolute stopping cross-section measurement by this method is the surface smoothness of the thick-target material. Mozer (1956) observed, and gave an explanation for, the decrease in scattering yield from a polished Cu target with scratches, when compared to an evaporated Cu target on a glass microscope slide.
It is seen from Eq. (9.9) that the effective stopping cross section, Eeff, is essentially a function of the individual stopping cross section, E(T), at three different energies TIS, T 2S = nTIS, and T 20 . Several approaches have been used to extract E(T) from Eefl' . Most of the experiments limit the value of the depth, S, close to the target surface so that TIS::::: TlO Wenzel and Whaling, 1952; Bethge and Sandner, 1965; Bethge et al., 1966; Chu et al., 1973; Behrish and Scherzer, 1973; Baglin and Ziegler, 1974; Lin et al., 1974; Schmidt·Backing et al., 1974; Matteson et al., 1976 Matteson et al., , 1977 Pearce and Hart, 1981; Trehan and Armitage, 1981; Khodyrev et al., 1984; Sirotinin et ai., 1984; Bednyakov et ai., 1986; Kuldeep and Jain, 1986; Niiler, 1987 . 21 Bader et al., 1956 Softky, 1961; Bjarkqvist and Domeij, 1972; Foster et ai., 1972; Leminen, 1972; Leminen and Fontell 1974' Sirotinin et ai., 1972; Meyer et al., 1973; Feng et al., 1973a Feng et al., , '1973b Feng et al., : 1974 Neshev et al., 1975; Andersen et al., 1978b; Luomajiirvi, 1978 Luomajiirvi, , 1979 Ved'manov et al., 1978 Ved'manov et al., , 1979 Izmailov et al., 1980; Knudsen et al., 1980; Semrad et al., 1983. (Bethe and Ashkin, 1953)-approach used by Leminen (1972) , Leminen and Fontell (1974) ; (4) aT" (Behrisch and Scherzer, 1973; Andersen et ai., 1978b; Knudsen et al., 1980 ); (7) €(T) from modification (Rousseau et al., 1971; Chu and Powers, 1972) of the Lindhard-Winther (1964) degenerate electrongas model (Chu et al., 1973; Baglin and Ziegler, 1974) ; (1972) 3-parameter formula (Lin et ai., 1974; Matteson et al., 1976 Matteson et al., , 1977 Pearce and Hart, 1981) ; (10) were also used by Matteson et al. (1976 Matteson et al. ( ,1977 .
Bethge and Sandner (1965) Softky (1961) made relative stopping cross-section measurements of graphite to diamond for 1.1-MeV protons so that the ratio of f.elf for the two substances reduced to the ratio of f. g (TlO)/fd (T lO ) , which, in turn, reduced to the inverse ratio of the scattering yields from the two substances, to within 0.3 percent.
Only one experiment is reported at a forward scattering angle fJr, = 30°, 45°, 60° (Bethge and Sandner, 1965; Bethge et al., 1966) . The other scattering angles vary from 6 L = 90° (Wenzel and Whaling, 1952; Bader et al., 1956; Matteson et al., 1976 Matteson et al., , 1977 up to OL = 177-178° (Leminen, 1972; Leminen and Fontell 1974; Andersen et ai., 1978b; Luomajarvi, 1978) . For these experiments at normal incidence, scattering spectra were also taken at 0 1 = ± 3.1 ° (Andersen et ai., 1978b; Knudsen et al., 1980) , at 0 1 = 5° (Chu et ai., 1973; Luomajarvi, 1979) , at 0 1 = 7° (Semrad et al., 1983) , and at 0 1 = 15° (Bjarkqvist and Domeij, 1972) to examine for target texture. (In the experiment by Chu et al. (1973) , it was reported that Au evaporated onto an amorphous substrate could be 20-50 percent aligned along the (111) axis). Behrisch and Scherzer (1973) used 0 1 = 0°, 30°, 45°, 60°, 75°, and O 2 every 5° over the accessible region for which fJr, > 90° and reported from these different angular measurements that errors in the stopping cross sections could be introduced that were caused by impurities in the solid target, by dead patches in the active area of the surface-barrier detector, and by channeling and blocking effects. Feng et al. (1974) used many evaporated targets onto many substrates, some of which were single crystals for which the target sample was continuously rotated about the polar axis while the azimuthal angle was varied in one-half degree increments between 5° and 7°.
Only three groups of experimenters (Wenzel and Whaling, 1952; Bader et al., 1956; Softky, 1961 ) used a magnetic spectrometer to detect the scattered particles. All other experiments used a Si surface-barrier detector spectrometer, in several cases for which the detector was "cooled" (Bednyakov et al., 1986) , cooled to -30°C (Leminen, 1972; Leminen and Fontell, 1974) , cooled to -75°C (Pearce and Hart, 1981), cooled to -100°C (Behrisch and Scherzer, 1973) , and cooled to liquid-nitrogen temperatures (Semrad et al., 1983) . For the latter case, the field-effect transistor (FET) in the preamplifier was also cooled.
An annular surface-barrier detector through which the primary beam was axially directed was used by Leminen (1972) , Leminen and Fontell, 1974) , Luomajarvi (1978 Luomajarvi ( , 1979 , Andersen et ai. (1978b) , and by Knudsen et al. (1980) , in order to obtain a backward scattering angle of 177°-178°. Andersen et al. (1978b) used a rotating target holder onto which four samples were mounted and bombarded alternately in sequence, and the bombardment cycle was repeated many times. The four separate scattering spectra were collected in the four quadrants of a 1024channel pulse-height analyzer. The necessity for making dead-time corrections in the electronics is emphasized (Leminen, 1972; Leminen and Fontell, 1974; Lin et al., 1974; Matteson et al., 1976 Matteson et al., , 1977 . Neshev et ai. (1975 ), Ved'manov et al. (1978 ), Izmailov et al. (1980 ) Khodyrev et al. (1984 and Sirotinin et al. (1984) give a quantitative expression for multiplescattering effects for this type of experiment; Khodyrev et ai. (1984) stated that the effect of the multiplescattering correction for 80-500 keV protons in indium could be as great at 15 percent.
A more elaborate application of the method was made by Lin et al. (1974) , who used the Brice (1972) 3-parameter curve fit to €(T) in f.elf along with a Gaussian detector response function which was folded into Eq. (9.10) and compared by the method ofleast squares simultaneously to over 40 spectra for 4He+ ions of energy 0.4-2.0 MeV scattered from Ag and similarly from Au. The scattered energy interval was limited to energies between aT lO -0.1 MeV and aT lO so as to minimize multiple-scattering and energystraggling effects.
Attempts to use a broader part of the scattering energy spectrum have been made by Powers (1961) , Bjarkqvist and Domeij (1972) , Sirotinin et ai. (1972 Sirotinin et ai. ( , 1984 , Schmidt-Backing et al. (1974) , Neshev et ai.
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Advantages of the Method: (1) The method can be applied to thick targets where thin-film preparation would be difficult, e.g., diamond, graphite, ice, or chemically active substances which require evaporation in situ.
(2) The method is particularly useful for targets of medium or high atomic number for which high scattering yields are available and where the scattered energy is not too different from the initial energy.
(3) The method is useful for heavy ions in the energy region below 1 MeV where the effective target thickness is of the order of a few hundred angstroms (Bjorkqvist and Domeij, 1972) .
Disadvantages of the Method: (1) The target surface must be extremely smooth; erroneously high stopping powers may be obtained from a non-smooth surface (Mozer, 1956) . (2) The accuracy of absolute measurements is limited by errors arising in the determination of ion charge collected. (3) The method requires accurate knowledge of the elastic-scattering cross sections, including screening effects. Nuclear surface and resonance scattering would introduce errors if not properly taken into account.
Thermometric-Compensation Technique at Liquid-He Temperatures
The use of calorimetric methods and thermometric compensation techniques for measuring the energy loss of ionizing radiations dates back to Curie and Laborde (1903) and to Rutherford and Robinson (1913) . Andersen and coworkers (Andersen et ai., 1966 (Andersen et ai., , 1967 (Andersen et ai., , 1968 (Andersen et ai., , 1969b (Andersen et ai., , 1969c (Andersen et ai., , 1977a (Andersen et ai., , 1977b Sfi)rensen and Andersen, 1973; Andersen and Nielsen, 1981) refined the technique and developed it into a RS solid gold block highly accurate method for the measurement of stopping powers of self-supported thin films, ranging from beryllium to lead, at energies from 5-18 MeV. In many applications, the uncertainties of the stoppingpower measurements range from 0.3 to 0.5 percent.
The experimental arrangement is indicated in Figure 9 .4. A beam of protons or deuterons (whose energy is known with an accuracy of 0.1 to 0.2 percent) passes through the target foil and is completely stopped by a gold block. The target foils and block are connected through thermal resistances W F and W B to a liquid-He heat sink to reduce thermal radiation. The heating of the foil and block is measured with carbon resistance thermometers RF and RB whose sensitivities are high at liquid-He temperatures. The ion beam is switched off and electrical powers P F and P B are fed to the heaters thermally connected to foil and block until the same temperature rises are obtained. The energy lost in the foil by a particle of initial energy To is given by
A number of small corrections must be applied.
(1) The energy deposited in the foil (measured in the experiment) is somewhat smaller than the energy loss. The difference can be as large as 0.5 percent, and is due to the escape of secondary electrons (delta rays) from the foil. Moreover, part of the energy imparted to the foil can escape in the form of characteristic x rays and Auger electrons. For a target of high atomic number, this may require a correction as large as 0.4 percent. (2) It is possible for the particles to undergo large-angle elastic single scattering in the foil, with their flight path changed so that they lose nearly all their energy in the foil. The necessary correction is estimated to be 0.1 percent for a 22 mg/ cm 2 Al target, and 0.3 percent for a 20 mg/cm 2 Au target irradiated with 5-MeV particles. (3) Multiple elastic scattering makes the average path length in the foil somewhat greater than the foil thickness. The required correction is estimated to be 0.18 percent for an Au foil of thickness 20 mg/cm 2 bombarded with 5-MeV protons. (4) Nuclear reactions are estimated to have a negligible influence for 5-12 MeV protons and deuterons, but were estimated by S~rensen and Andersen (1973) to require a correction as large as 3.2 percent for 18-MeV particles incident on a uranium target. (5) The foil thickness is measured at room temperature, but the energy loss, £1T, is measured the temperature of liquid He, which requires a correction of 1 percent or greater. (6) Errors due to foil impurities are usually no greater than 0.1 percent; see, however, Andersen and Nielsen (1981) , where a much larger impurity effect is discussed.
The accuracy of the method is limited primarily by the accuracy with which the mass thickness of the foil can be measured. The lower the particle energy, the greater is the stopping power and the smaller the foil thickness that must be used. Therefore, the calorimetric method has not been applied to protons with energies below a few MeV.
Use of a Differentially-Pumped Gas Cell
An ion beam from an accelerator, such as a Cockcroft-Walton or Van de Graaffmachine, is electrostatically or magnetically analyzed, and is then passed through a differentially-pumped gas cell. The energy loss in the gas cell is then measured electrostatically,22 magnetically,23 or by time-of-flight spectroscopy (Martini, 1975 (Martini, , 1976 .
The gas cells are usually cylindrical and vary in physical length from 3 cm (Efken et ai., 1975) to 91.9 cm (Allison et ai., 1965). Fukuda (1980, 1981a, 1981b, 1982) used a rectangular steel box 52.5-cm long x 40.0-cm high X 31.6-cm wide with end flanges tapered at the center to 1-mm thickness with 1-mm diameter apertures. Betz et ai. (1975) used differential pumping of a cell open only at one end and 22 Weyl, 1953; Allison and Littlejohn 1956; Allison et al., 1965; Ormrod, 1968; Dose and Sele, 1975; Thorngate, 1977; Andersen et al. , 1978a; Besenbacher et ai. , 1979; Fukuda, 1980 , 1981a , 1981b , 1982 . 23 Crenshaw, 1942 Park and Zimmerman, 1963; Park, 1965; Fastrup et ai., 1968; Bonderup and Hvelplund, 1971; Hvelplund, 1971 Hvelplund, , 1975 Bourland et al., 1971; Chu and Powers, 1971; Powers et al., 1972 Powers et al., , 1973 Powers et al., , 1984 Powers and Olson, 1980; Lodhi and Powers, 1974; Efken et al., 1975; Matteson et ai., 1977; Chau et ai., 1977 Chau et ai., , 1978 Chau and Powers, 1978; Brown and Powers, 1979; Olson and Powers, 1981. 
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containing a solid-state detector. The cell was preceded by a 50-f,Lm diameter collimator to reduce beam intensity. Martini (1975 Martini ( , 1976 ) also used differential pumping of a cell open at one end.
The technique with a differentially-pumped gas cell open at both ends is very simple. The energy loss is determined by measuring the ion energy after passing through the gas cell with and without the presence of the gas. The ion beam is usually detected, after deflection by the electrostatic or magnetic deflector, by an electrometer, electron multiplier, or a surface-barrier detector. The mass thickness of the gas absorber is determined from the length of the cell, and the pressure and temperature of the gas. The most detail on a differentially-pumped gas cell is given by Weyl (1953) , Allison and Littlejohn (1956) , Park and Zimmerman (1963) , Bourland et ai. (1971) , and Besenbacher et ai. (1979) .
A typical differentially-pumped gas cell is shown in Figure 9 .5. The cell itself is a hollow cylinder closed by disks at both ends having small apertures approximately 1 mm in diameter. The gas or vapor is admitted from outside into the gas cell until the pressure comes to equilibrium. A portion of the gas leaks through the apertures into the first differential pumping section (1st d.p.s.) where it is pumped away by a vacuum diffusion pump. The pressure in the 1st d.p.s. must be monitored constantly, and end corrections to the mass thickness of gas made if the pressure in this part of the system is sufficiently high. Some of the gas from the 1st d.p.s. also escapes into the second differential pumping section (2nd d.p.s.) through apertures that vary in diameter from 1 to 2 times those of the gas cell. Vacuum diffusion pumps in the 2nd d.p.s. pump away the residual gas so that the ion beam to and from the gas-cell system will be transported in a vacuum of the order of 0.1 to 1 Pa.
Most temperature measurements are made with a Hg-in-glass thermometer in contact with the walls of the gas cell. Digital thermometers (Brown and Powers, 1979; Powers and Olson, 1980; Powers et al., 1984; Olson and Powers, 1981) , and thermocouples (Fukuda, 1980 (Fukuda, , 1981a (Fukuda, , 1981b (Fukuda, , 1982 have also been used. The pressure measurements have been made with McLeod gauges, U-tube oil manometers, U-tube Hg manometers, differential-pressure gauges, and capacitance or membrane manometers varying in error from ~ 1 to 3 percent. Capacitance manometers are available commercially with absolute errors < 1 percent (calibrated absolutely with air dead weight testers) and have the advantage that organic vapors do not chemically attack them or liquefy as they do in a McLeod gauge, or dissolve the oil as in an oil manometer. The most recent experiments (Andersen et ai., 1978a; Besenbacher et ai., 1979; Brown and Powers, 1979; Fukuda, 1980 Fukuda, , 1981a Fukuda, , 1981b Fukuda, , 1982  To vacuum diffusion pump Fig. 9 .5. Schematic of a measurement involving the use of a differentially-pumped gas cell. Powers and Olson, 1980; Powers et ai., 1984; Olson and Powers, 1981) all employed automatic pressure controllers.
For precision measurements of stopping powers with a differentially-pumped gas-cell system, the following must be taken into account: (1) The mass thickness of the gas must be corrected to take into account the finite gas pressures in the 1st and 2nd d.p.s. (2) If the initial particle energy, TJ, and final energy, T r , are defined to be the energies where the respective energy spectra peak, the symmetry of these spectra must be verified. (3) It has to be verified that the stopping-power measurements are not pressure-dependent.
Advantages of the Method.
(1) Absolute errors can be kept to about 1 percent. (2) The method eliminates problems that would be encountered with the use of thin end windows (foil rupture from gas pressure or irradiation). (3) The method can be easily adapted to the measurement of stopping powers of gaseous material of low vapor pressure.
Disadvantages of the Method.
(1) It requires careful beam-path alignment for optimum accuracy when using small-angle deflecting magnets. (2) It is more difficult to use with low-viscosity gases such as hydrogen or helium (the gas leaks away too fast unless very small apertures are used). (3) Clogging of gas-cell apertures can occur with some vapor compounds due to dissociation or polymerization of the compound by the ion beam. (4) Temperature measurement of the gas or vapor is not direct in most cases; the tempera-ture measured by a thermometer, as indicated in Figure 9 .5, may be affected by the outside environment. (5) Beam currents must be small enough so that the local heating of the gas is negligible.
Inverted-Doppler-Shift-Attenuation (lDSA) Method
The IDSA method (Neuwirth et ai., 1969; Hauser et ai., 1974) is based on the velocity-dependence of the Doppler shift of gamma rays emitted by moving nuclei in an excited state. Without a stopping material, the gamma-ray spectrum would be uniform over the energy limits of the Doppler shift. In the stopping material, the velocity of the moving nuclei at the time of gamma emission will be smaller, and the spectrum will be narrower. How narrow the spectrum is depends on the ratio of the slowing-down time to the lifetime of the excited state. The method is applicable under conditions such that the lifetime of the excited state is of the same order of magnitude as the time during which the particle loses a significant fraction of its energy. Furthermore, the particle energy and gamma-ray energy must be large enough so that there is a measurable Doppler shift.
Most applications of the method have been done with 7Li ions from the reaction lOB(n, a)7Li. The gamma rays emitted from the excited state of7Li have an energy of 477.5 keY, and the Doppler-shifted energies range from 100 to 800 keY. The method works only in materials that contain boron; if neces- sary it is possible to dissolve small amounts of boron in a liquid whose stopping power is to be measured.
In the following discussion, the method will be illustrated for the case of 7Li ions. The experimental set-up is shown in Figure 9 .6. 7Li ions with energies up to 840 keY are obtained as follows: 3-5 MeV neutrons from a 3-Ci americium-beryllium source (Hauser et aI., 1974) , with a neutron yield 7.5 x 10 6 neutrons/sec in 47T geometry, are moderated to thermal velocities in water (and paraffin). A Pb shield between the neutron source and target suppresses most of the gamma-ray background radiation. The thermal neutrons initiate the 10B(n, a)1Li* reaction (reaction cross section (J' = 3,835 barns; Qvalue = 2.314 MeV). If the target is not a boron compound, boron can be added to liquid targets as a small amount of H 3 B0 3 or B(OCH 3 h, which dissolves completely in water or in organic liquids. The boroncontaining target is shaped in a way to maximize the counting rate in the Ge(Li) detector. A 6LiF layer around the detector prevents neutron-induced reactions in the detector material. The probability that the first excited state of 7Li* at E-yo = 478 keY is populated is 94 percent. From conservation of linear momentum and kinetic energy, the 7Li* ions has an initial energy of 840 keY, which corresponds to a velocity VLi = 4.8 X 10 8 cm/sec = 0.016e.
The first excited state of7Li* decays by gamma-ray emission, with a lifetime of 1.15 x 10-13 sec. When the Li ions are slowed down to about 1.5 x 10 8 cm/ sec, the excited state has decayed with a high probability, and there is no further significant contribution to the gamma-ray spectrum. For gamma-rays emitted when the projectile has velocity v, the Dopplershifted gamma ray energy is E-y = E O -y[l + (v/e)cos (J + higher-order terms], (9.15) where (J is the gamma-ray emission angle relative to the direction of the projectile. The Doppler spectrum has the width 2(vo/e )E-yo, where Vo is the initial projectile velocity. This width is much larger than the detector resolution, which is, typically, 1.6 keY. All emission directions are equally likely. Therefore, one finds that the contribution to the gamma-ray spectrum, from projectiles with velocities between v and v + dv, is uniform between minimum and maximum energies E-yo(1 -v /e) and E-yo(1 + v /e), respectively.
The complete gamma-ray spectrum consists of a superposition of such uniform distributions for different values of v, and thus is confined to energies between a minimum of E-yo(1va/c) and a maximum of E-yo(1 + vo/e).
The Doppler-broadened gamma-ray spectrum can be converted to a velocity spectrum, that depends on the velocity v of the Li ion, by taking into account the exponential decay law (9.16) where No is the initial number of excited Li nuclei, N(v) is the number which have reached velocity v, tis the time, and T is the lifetime of the excited state. Figure 9 .7 shows the velocity distribution of the emitted gamma rays as a function of the variable v /vo, with the area under the curve normalized to unity. The "hatched" area in Figure 9 .7 is given by 1e-ttu) /T, and includes all gamma rays emitted when the projectile has velocities between va = v(O) and v (t). The value e-tiT can be obtained from the "crosshatched" region in Fig. 9 .7 whose area is e-ttu)iT(M / T) and whose boundaries are defined by v(t) and v (t + l:J.t). One can, therefore, determine from the spectrum the quantity l:J.v dv l:J.t/TzTdt· (9.17) Taking into account that T = (1/2)Mv 2 , where T and M are the energy and mass of the Li ion, and that dx = vdt, one obtains the stopping power : = ~ (~~~T)' (9.18) Using this method of analysis (denoted as differential method), Neuwirth et ai. (1975a) found that for 42 targets the stopping power was strictly proportional to the projectile velocity, dT dx = av.
(9.19)
Neuwirth et ai. (1969) also developed a so-called integral method of analysis in which Eq. (9.19) is assumed, and the proportionality constant is determined directly from the gamma-ray spectrum. The majority of the data evaluations carried out by Neuwirth's group24 at the University of Cologne has been performed using the integral procedure. It should be mentioned that the proportionality of the stopping power to the first power of the velocity found by Neuwirth's group is in contradiction to the finding of several other experimental groups25 who found proportionalities to vP, with p ranging from 0.76 to 1.66.
An independent measurement using the IDSA method, but based on the reaction 12C(a, a')12C* (E~o = 4.439 MeV, with 12C* ions in the velocity range o :s; v :s; 9.1 X 10 8 cm/sec) has also been reported by Kahnert (1975) . This measurement reports a linear dependence of dT /dx on velocity, with deviations at high and low velocities, and also reports Z oscillations in the stopping cross section.
An experiment by Muminov and Akilov (1981) using a modified IDSA method indicates disagreement with the linear dependence. These authors extended the IDSA method to cases where there is a continuous distribution of recoil nuclei as a function of the initial velocity, Vo. They took fast neutrons from a point Po-Be source that are scattered by a spherical layer oftarget nuclei. The Doppler-broadening of the gamma rays results from the isotropic emission of excited recoil nuclei from the (n, n' y) nuclear reaction. With this approach, they measured the stopping cross sections as a function of velocity for 7Li, 12C, 23Na, 26Mg, and 27Al ions in 75 elemental and "chemically-complex" materials, but with a stated error ± 15 percent.
Santry and Werner (1984b) used the foil-interposi-tion method to measure stopping powers of 7Li ions in various targets, and compared their results with those obtained by Neuwirth and collaborators by the mSA method at 848 keV. They found the following discrepancies relative to the IDSA results: carbon, -9.1 percent; aluminum, -24. 7 percent; silicon, -19.5 percent; nickel, 12.6 percent; Silver, 43.5 percent; gold, 49.7 percent. Neuwirth (1987) discussed the differences between stopping powers from the IDSA methods compared to those from other methods, pertaining to the results for 175-keV 7Li ions in carbon, aluminum and copper. He suggested that the observed discrepancies might originate with problems with the targets used by other groups, such as oxidized surfaces, differences between foil densities and bulk densities, inhomogeneous target composition, pinholes, and texture effects. Neuwirth also suggested an alternative explanation, namely, that the lifetime of the excited state, required by the IDSA method, may not be known with adequate accuracy, and might have greater uncertainties than usually assumed.
Neuwirth also pointed out that the linear dependence of the stopping power on the particle velocity, found in applications of the IDSA method, may result from the fact that the method averages over the directional distributions of the ions. With other methods, stopping powers are often measured at a welldefined angle of emergence of the particles from the foil, and their results are often fitted best by a non-linear velocity dependence. The interested reader may also wish to consult articles by Currie et ai. (1969 ), Broude et ai. (1972 , and Latta and Scanlon (1976) on other problems related to the correlations between stopping powers and the lifetimes of the excited states.
Advantages of the Method: (1) Materials of arbitrary shape and structure can be used, rather than being limited to thin foils. (2) It is probably the most accurate method available for studying chemical binding effects in solids. (3) It appears to be the best method available for measuring stopping powers of liquids (Neuwirth et ai., 1975a (Neuwirth et ai., , 1975b . For instance, stopping powers of electrolytic solutions were determined as a function of the concentration of the salt (Pietsch et aI., 1976) . The stopping power of Li projectiles has been measured in different series of liquid organic compounds (n-alkanes, 1-alkenes, 1-alcohols, cycloalkanes, 1-chloro alkanes, 1-bromo alkanes, amines, ketones, carboxylic acids, and others (Neuwirth et ai., 1978; Kreutz et ai., 1980a Kreutz et ai., , 1980b Both et ai., 1981 Both et ai., , 1983 Both et ai., , 1985 , demonstrating chemical and physical state effects. In these experiments, the relative error was stated to be less than 1 percent.
Disadvantages of the Method: (1) The Li measurements of Neuwirth and co-workers are limited to Li ions of 1.5 x 10 8 < ULi < 4.8 X 10 8 em / sec, or to the region on the low-energy side of the peak in the stopping power versus energy curve. The reaction 12C(a, a')12C* used by Kahnert (1975) for 12C* ions of velocity::-s; 9.1 x 10 8 em/sec in N, Mo, Ag, and Ta was stated by Pietsch et al. (1976) to provide stopping powers with uncertainties as large as 5 percent. (2) The absolute error is limited by the lifetime, 'T, of the excited nuclear state, known to only about 4 percent for the 7Li* first excited state. (3) With the method of Neuwirth and co-workers, the substance investigated must contain boron as a constituent of a molecule or as a trace (::-s; 1 percent) impurity of the material.
Use of Nuclear Reaction Resonance to Measure Particle Energy
In this method, the yield of proton-induced nuclear reactions (p, y), (p, ay), or (p, n), as a function of proton energy, is obtained first without, and then with, an absorber interposed in the proton beam. The incident proton beam energy is swept through a range where the resonance is observed. The difference between the mean energies of the incident protons causing the resonance, with and without the absorber, is a measure ofthe energy lost in the absorber. This method was introduced by Madsen and collaborators, and used by several others.26 Madsen and Venkateswarlu (1948a, 1948b) used the following resonances: 27 Al(p, y)2SSi at 632, 992, and 1261 keY; 19F (p, a y) 16 0 at 340 and 672 keY; 35Cl(p, y)35Ar at 861 keY; and 37Cl(p, n)37Ar at 1974 keY. Leminen and Anttila (1971) used 27Al(p, y)28Si at 655, 992, 1261 , 1662 , and 1800 keY, and Kido and Hioki (1983 used the same reaction at 632, 774, 936, and 992 keY. Chilton et al. (1954) and Green et al. (1955) used the (p, y) reactions from Li, F, and Al for protons with energies below 1 MeV. Semrad et al. (1983) used the llB(p, y)12C reaction at 163 keY and the 19F(p, ay) 16 0 reaction at 224 keY. In the experiments of Madsen and Venkateswarlu, the resonance reaction was observed using CaF 2, AlC1 3 or PbC1 2 detectors in the form of thin layers such that the average energy loss in the layer was 1 to 2 keY. Green et al. (1955) used a LiF detector in which the average energy loss was 5 keY. Kido and Hioki (1983) used an aluminum-covered silicon wafer.
The apparatus used by Chilton et al. (1954) is indicated in Figure 9 .8 The proton beam from a Van de Graaff accelerator was directed into a box which performed the combined functions of gas chamber, 26 Madsen and Venkateswarlu, 1948a, 1948b; Huus and Madsen, 1949; Madsen, 1953; Chilton et al., 1954; Green et al. , 1955 ; Chemin et al., 1971; Leminen and Anttila, 1971; Kido and Hioki, 1983; Semrad et al., 1983. target holder, and Faraday cup. At the entrance of the box was a flap valve (V) with a slit covered with a thin foil. The valve could be moved into the proton beam; with the chamber evacuated, the energy loss in the foil (Ni or Cu) was measured using the resonance reaction in the target. With the valve removed from the beam, gases were introduced into chamber, at pressures from 2 to 6 times atmospheric pressure, and the energy losses were then measured in several gases (N z , Ne, Ar, Kr and Xe).
Time
Let Ti and Tr denote the initial and final energies, and (t1T)av the average value of Ti -T r . The stopping power is (t1T av ) / .ix, where .ix is the mass thickness of the gas target. With the experimental arrangement of Chilton et al. (1954) , the energy difference Ti -Tr (100 to 300 keY) was not very small compared to T i • These authors therefore associated the stopping power not with the mean energy T av = (T i + T r )/2, but with an intermediate energy r y -1 (t1T)av )Z J T = T av II + 24 --r:.:-+ . . . , (9.20) with y = 0.5. This approximation was derived on the assumption that, in the energy region of interest, the stopping power is inversely proportional to T1. Useful alternative expressions for the intermediate energy, applicable when the energy loss in the target is large (up to 20 percent of TJ were given by Warshaw (1949a) and Allison and Warshaw (1953) .
In summary, the resonance-shift method is a good technique for obtaining stopping powers of thin foils and of gases, with uncertainties of 1.5 to 5 percent, for protons with energies between 0.4 to 2 MeV. The applicability is limited, however, to protons with energies near the discrete resonance energies of nuclear reactions.
Time-of-Flight Technique
The time-of-flight (TOF) method has been used by Zahn (1963 ), Marx (1966 ), Poole et al. (1968 ) and Hancock (1969 to measure the energy loss of zosPb recoil atoms of 169 keY energy in thin films of Formvar (54.8 percent C, 36.4 percent 0, 8.8 percent H ), C, Ag, and Au. A different version of the method has also been used by Martini (1975 Martini ( , 1976 Figure 9 .9. A radioactive source of 212po(ThC') is deposited on the front surface of a thin foil. With every 208Pb recoil ion-of energy 169 keY-leaving the front surface of the foil, there is associated an alpha particle of initial energy 8.78 MeV which passes through the back surface of the foil, enters the alpha detector, and starts a timing cycle. The recoil ion travels the known distance to the recoil detector, and stops the cycle. Knowledge of the time interval and the distance traveled gives the velocity, and hence the energy, of the recoil ion. The stopping power of an absorbing foil interposed between source and recoil detector is calculated from the observed increase in the time of flight.
Both Zahn (1963) and Marx (1966) made corrections to take into account multiple-scattering detours of the projectiles in the absorber. It should be noted that the stopping power of formvar measured by Marx agrees closely with that measured by Zahn, whereas Marx's carbon stopping power is 32 percent lower than that measured by Poole et ai. (1968) , and his gold stopping power is 33 percent lower than that measured by Hancock et ai. (1969) . Martini (1975 Martini ( , 1976 ) employed another variant of the time-of-flight method. He directed 20-156 keY 20sPb or 208Pb ions from an electromagnetic isotope separator through a condenser consisting of two parallel metallic plates connected to a 2-keV pulse generator. The ion beam, pulsed every 10 msec, was deflected through an angle and into the entrance window (O.2-mm dia.) of a 22.8-cm long stopping gas cell with a scintillation counter mounted on the opposite end. The condenser-plate position and highvoltage pulse amplitude were adjusted so that ions which entered the condenser at the leading edge of the electric pulse would be deflected so as just to enter the entrance hole of the gas cell. The time-of-flight scale started when the ions entered the deflection condenser. Time of flight was measured in the gas cell first without gas, and then with gas. Gas pressures were measured first by a McLeod gauge and then by capacitance manometer. The stopping power was determined from the relation
where To is the initial ion energy, 1 is the length of the gas cell, to is the time of flight in vacuum within the gas cell, and Lit = t -to is the increase in time when stopping gas was used. The maximum gas pressure was chosen so that Lit Ito did not exceed 3 percent. The gas pressures employed were: He: 5-50 Pa; H 2 : 5-110 Pa. The time-of-flight resolution was 0.12 percent, which corresponded to an energy resolution of 0.24 percent. Geyer et ai. (1986) and Freitag et ai. (1987) used the same approach as Martini (1975 Martini ( , 1976 to measure stopping powers for 15 heavy ions (49 :0;; z :0;; 65) of energy 10-90 keVin H2 gas at 0.1-2 Pa. The same rectangular pulse width of 10 msec was used, except that the pulse amplitude was 500 keY; the other experimental procedures were the same as those of Martini. A more recent version of the time-of-flight method using accelerated ions is that of Andrews et ai. (1979) , in which an accelerated ion beam from a 2-MV Pelletron accelerator was deflected through 32° by a 50 p,g/cm 2 Au foil into a beam flight tube containing two microchannel plate "start" and "stop" detectors, 1.16 m apart. Secondary electrons produced by the ion beam passing through a 10-p,g/cm 2 C foil are detected by a pair of microchannel plates in the "start" and "stop" detectors. Beam flight times are determined with and without a sample foil interposed between the Au scatterer and the beam flight tube.
Various modifications of Andrews' approach include: use of a beam flight tube that varies from 0.94 m (Lennard et ai., 1982 ) to 11.151 m (Geissel et ai., 1983 ; C foil thicknesses on the "start" micro channel plate detector that vary from 2-3 J..tg/cm 2 (Gloeckler and Hsieh, 1979) to 20 J..tg/cm 2 (Geissel et ai., 1980) ; changes in the location of the "start" detector from a 45° orientation with respect to the beam path (Andrews et ai., 1979) to a cylindrical symmetry configuration (Lennard et ai., 1982) ; use of capacitive probes for the "start" and "stop" detectors; and use of a "double" time-of-flight spectrometer (Giessel et ai., 1982b) . The more recent experiments involve accelerated particles from a 2 MV Pelletron accelerator at Chalk River (Andrews et ai., 1979; Ward et ai., 1979) , a 2 . MV High Voltage Mass Separator at Chalk River (Lennard et ai., 1983 (Lennard et ai., , 1984a (Lennard et ai., , 1984b (Lennard et ai., , 1986 Giessel et ai., 1984 Giessel et ai., , 1985 Giessel et ai., , 1987 , to a Super HILAC accelerator at Oak Ridge (Hahn et ai., 1981) , and a 0.5 -10 MeV/u UNILAC at Darmstadt (Giessel et ai., 1980 , 1982a , 1982b , 1983 . Target preparation and filmthickness determinations are similar to those discussed previously for other methods.
A point of interest is that studies of energy loss as a function of angle with respect to the ion-beam direction using the TOF method, in transmission geometry through interposed foils, give a variation of less than 1 percent (Giessel, 1987) , This is in contrast to rather large increases with angle observed by Ishiwari (1982b Ishiwari ( , 1984c Ishiwari ( , 1986 Ishiwari ( , 1990 and Sakamoto (1983) using 3-to 7-MeV protons in transmission geometry through various foils measured by Si surface-barrier detectors.
The time-of-flight method provides stopping powers with uncertainties of 1-5 percent. Geissel et ai. (1983) point out that the method is preferable to energy-loss determinations with Si detectors because it avoids problems with pulse-height defects in Si detectors. The older versions of the time-of-flight method require films with thicknesses of only a few J..tg/ cm 2 . Problems encountered in the preparation and use of such thin films may be responsible for differences in stopping powers obtained in different experiments.
High-Energy Stopping-Power Measurements

Protons and Alpha Particles from Cyclotrons or from Linear Accelerators
An absolute stopping-power measurement at high energies usually consists of passing a well-collimated ion beam of known initial energy through a known thickness of stopping material, and determining the energy loss by magnetic or electrostatic analysis or by use of a solid-state detector spectrometer (Tschalar and Bichsel, 1968) .
A relative stopping-power measurement at high 9.9 High-Energy Stopping-Power Measurements . .. 101 energies is made by finding the thickness of a reference substance (usually AI or Cu) that reduces the ion beam energy by the same amount as the thickness of the material of interest. The ion beam is often passed through just enough reference-material thickness to stop the particles. A known thickness of the reference material is then removed and replaced by that thickness of the sample to produce the same effect near the end of the Bragg-ionization or integral-range curve. Note that the insertion of an absorber with different atomic number will change the multiple scattering and straggling of the residual beam. Corrections for these changes have been studied by Bichsel and Hiraoka (1989) . Kelly (1949) obtained stopping powers relative to AI by this method for 15-28 MeV and 28-37 MeV alpha particles in Cu, Ag, Ta, Bi, and Th. Bakker and Segre (1951) obtained stopping powers relative to Cu for 340-MeV protons in H, Li, Be, C, AI, Fe, Cu, Ag, Sn, W, Bi, Pb, and U. Sachs and Richardson (1951, 1953) obtained the absolute values of stopping powers of 9 materials for 17.8-MeV protons, using the internal beam from the UCLA 41-inch cyclotron, and measuring energy losses in the internal magnetic field of the cyclotron. MacKenzie and co-workers (Sonett and MacKenzie, 1955; Burkig and MacKenzie, 1957; Nakano et ai., 1963) made stopping measurements for many materials relative to aluminum for 20.6-MeV and 19.8 MeV protons from the external beam of the UCLA cyclotron, and for 28.7-MeV protons from a linear accelerator. These measurements had uncertainties of 0.2 to 0.8 percent. In these high-energy experiments, the foil thickness and the uniformity of the thickness were checked in the same manner as described previously in Section 9.1.1.
Hancock et ai. (1983) measured the stopping powers of protons from the Super Proton Synchrotron at CERN, with momenta of 0.7-115 GeV/c, using an ion-implanted Si detector. Herold et ai. (1983) measured the stopping powers of protons from the 600-MeV cyclotron at the Swiss Institute for Nuclear Research, using a Xe-filled wire chamber.
Heavy Ions from Tandem Van de Graaffs or from Linear Accelerators
The method is that discussed in Section 9.1.1 and is repeated here only because of the slight difference used to obtain an ion beam, and also to indicate which ions specifically have been used. A heavy ion beam from a two-stage tandem Van de Graaff is accelerated to energies from 2 to 200 MeV by stripping from the ion several of its electrons after the first stage of acceleration; a high energy of up to 200 MeV is achieved in the second stage of acceleration by attain-ing 5-15 MeV for each state of ionization ofthe heavy ion.
Various combinations of ions and targets have been investigated. 27 Energy-loss determinations were done mainly with solid state detectors, but use has been made also of magnetic analysis (Armitage and Hooten, 1968) and electrostatic analysis (Booth and Grant, 1965) . Film thicknesses were determined mostly with alpha-particle thickness gauges. Kelley et ai. (1973) measured stopping powers of 24-160-MeV 12C, 14N and 16 0 ions in silicon, and Varley et ai. (1976) measured stopping powers of 70-300 MeV Kr, N d, Dy and Er ions in Nd, Dy and Er. Nagata et ai. (1981, 1982) measured the energy deposited in thin gas layers by high-energy ions (l2C, 20Ne, 4°Ar and 56Fe) from the Berkeley Bevalac, and by 3He ions from the 88-inch Berkeley cyclotron. 9.10 Other Methods
Use of Characteristic X-Ray Emission Yields
This method consists of a measurement of the characteristic x rays induced by proton or heavy-ion bombardment of a substrate material onto which a layer of material has been evaporated. A selfsupporting film may also be placed in front of the substrate. The energy lost in a film of known thickness is determined from the observed change of the x-ray yield in the substrate.
Protons with energies from 20 to 120 keV were used in most experiments. Johansen et ai. (1971) Brunner et ai., 1980) to as much as 53-158 f-Lg/cm2 Cu evaporated onto Ti (Semrad et ai., 1983) . 27 Moak and Brown, 1963 , 1966 , 79Br and 1271 Booth and Grant, 1965, 16 0 and 32 8 in solids; Bridwell and Moak, 1967, 79Br and 1271 in UF 4 ; Bridwell et aI., 1967 Bridwell et aI., , 1271 Armitage and Hooten, 1968, 16 0 and 32 8 in solids; Pierce and Blann, 1968 , Pierce et al., 1968 , 32 8, 37Cl, 79Br and 1271 Kalish et aI., 1969, Ta in solids; Brown and Moak, 1972, 238U Lemberg and Pasternack (1977) and Erokhina et ai. (1974) . Coulomb excitation is produced in a target of Cd, Ni, or Cr when bombarded by 12C+4 or 14N+4 ions with energies from 28 to 38 MeV. The excited recoil nuclei (with energies up to 15.7 MeV) emit gamma rays, which are detected by a Ge(Li) detector situated on the primary beam axis. These excited nuclei either (a) stop in the target, or (b) leave the target with velocity u' at angle r/J to the initial-beam direction. For case (a), the Ge(Li) detector detects a gamma ray without Doppler shift, whereas for case (b), the detector registers a relative Doppler shift of i1E1/ KI = (u '/ c) cos r/J, where E1 is the gamma-line energy (617 keV, 558 keV, 656 keV, or 783 keV, respectively, for 112Cd in Cd, 114Cd in Cd, 61Ni in Ni, or 50Cr in Cr). The distinctive feature of the Coulomb excitation reaction is that with heavy ions, the maximum Doppler shift may exceed 2 percent, which is far greater than the maximum shift attained in nuclear reactions with protons and alpha particles.
Erokhina et ai. (1974) and Lemberg and Pasternack (1977) analyzed the Doppler-shifted gamma ray spectrum to obtain values of both the electronic and the nuclear stopping powers, and made corrections to account for the effects of multiple scattering and angular correlations. Their method is particularly applicable to the measurement of the slowing down of ions in target atoms of the same atomic number. The method differs from the inverted Doppler-shift method of Neuwirth et al. (1969) in that it does not depend on knowlege of lifetimes of excited states.
Approach Used by Shane and Seaman (1973) and Ribas et ai. (1980, 1983) . In the experiment of Shane and Seaman (1973), the Doppler-shifted energy of the first excited state of 2°Ne, produced by the reaction 12C(l2C, a)20Ne, was used to determine the velocities of the recoil N e ion before and after passing through an AI foil. A beam of carbon ions with an energy of 21.1 MeV was directed either at a self-supporting carbon foil of thickness 20 f-Lg/cm2, or at another carbon foil with thickness 25 f-Lg/cm2 with an aluminum backing of 300 f-Lg/ cm 2 . The alpha particles from the reaction were detected with an annular-ring Si surface-barrier detector, and the gamma rays with a coaxial GeOi) detector. When the pure carbon target was used, the energy of the Doppler-shifted gamma rays from the first excited state at 1.633 MeV provided the velocity of the N e ions leaving the carbon foil. When the composite carbon-aluminum target was used, the energy of the Doppler-shifted gamma rays provided the velocity of the N e ions emerging from the aluminum backing, because the lifetime of the excited state (1.2 psec) is longer than the transit time (0.08 psec) of a 21-MeV Ne ion through target.
Using an experimental arrangement similar to that of Shane and Seaman (1973) , Ribas et al. (1980) measured the energy loss of Ag and Sm ions in Ni and Au, and Ribas et al. (1983) measured the energy loss of Ag ions in AI, Ti, V, Fe, Ni, Zn, Zr, and Pd. The initial energy of the recoil ions varied from 10 to 19 MeV. The accuracy of the method was stated to be 5-9 percent.
Intercomparison of Gamma-Ray Yields or Neutron Yields from Thin and Thick Targets
This method was used by Stelson and McGowan (1958) to determine the stopping powers of Ag and Au for protons with energies from 0.8 to 5 MeV, and by Johnson and Kernell (1968) to determine the stopping powers of Ag, Cd, In and Sn for protons with energies of3.75 to 5.5 MeV.
When the continuous-slowing-down approximation is used, the yield of gamma rays or neutrons from a thin target can be expressed as fTi a{T) Ythin(Ti, Tr) = N J Tr S (T) / pdT, (9.22) where Ti and Tr are the energies with which the protons enter and leave the target, N is the number of atoms per g, S (T) / p is the mass stopping power, and a{T) is the cross section for the nuclear reaction producing gamma rays or neutrons. The yield from a thick target, i.e., a target thick enough to stop the protons, is (9.23)
The thin-target yield is then equal to the difference between thick-target yields at two energies:
Ythin(Ti' Tr) = Ythick(T;) -Ythick(Tr).
(9.24)
The experimental procedure consists of measuring yields from a thin target of known areal density, Ax, at energy T i , and the thick-target yield at energies Ti and lower, thereby determining the energy Tr for which Eq. (9.24) is satisfied. The stopping power is then determined by T i , Tr and the proton path length in the foil. The path length is close to, but slightly larger than, the nominal foil thickness Ax, due to multiple scattering. For the method to be applicable, the nuclear cross section a{T) should be smoothly varying, and should not have thresholds or isolated resonances in the energy interval from Ti to T r . Stelson and McGowan (1958) used the gamma-ray yield from Coulomb excitation. They applied a multi-9.10 Other Methods ... 1 03 pIe-scattering correction to Ax, and also took into account the fact that the angular distribution of gamma rays from Coulomb excitation varies slowly as a function of the energy of the incident protons. Johnson and Kernell (1968) placed their targets at the center of a 5-foot diameter graphite sphere with BF 3 counters embedded near the surface of the sphere to detect neutrons from the (p, n) reaction. They made corrections to take into account counter dead time, fast neutron capture, thermal neutron capture, multiple scattering and target non-uniformities.
Recoil-Proton Techniques
Stopping powers of solids for heavy ions were measured by this method by Bimbot et al. (1978) , for 160, 40Ar, 63CU, and 84Kr ions with energies from 4-5 MeV/u, and by Bimbot et al. (1980) for 86Kr, 132Xe, 2osPb, and 23SU ions with energies from 3-5 MeV/u. The stopping powers were determined by measuring the energies of recoil protons that were elastically scattered by the incident ions and by ions that had been slowed down by passing through an absorber foil. The protons were set in motion in a thin (80-100 p.,g/ cm 2 ) Formvar foil placed behind the absorber, and were detected by a 0.5-mm thick Si(Li) diode detector. An additional stopping foil was placed in front of the Si(Li) detector which completely stopped the heavy ions, but allowed the protons to pass through with a loss of about 3 percent of their energy. The absorber, Formvar and stopping foils were all placed perpendicular to the direction of the primary beam, and were displaced slightly in the lateral direction.
The energy of the ions impinging on the Formvar foil is given by kinematics as where M ion and Mp are the ion and proton mass, Tp is the energy of the proton at the detector, LlTp is the proton energy loss in the stopping foil, LlT F is the energy loss of the heavy ions in a half-thickness of the Formvar foil, and 8 is the emission angle of the protons relative to the primary ion-beam direction. The angle 8 was very close to 0°. The stopping powers for the ions were obtained by making two such energy measurements, without and with an absorber foil in place.
Other Methods Involving Nuclear Reactions
Nuclear-Reaction Coincidence Methods. Devons and Towle (1956) used 7Li ions produced in the nuclear reaction 9Be(d,a)1Li to obtain stopping pow-ers of AI, Cu, and Au thin foils for 1-2.7 MeV 7Li ions. A I-MeV deuteron beam was directed at ::::: 45° onto a 25-p,g/cm 2 Be target. The 7Li ions were detected at an angle 90° to the left of the primary deuteron beam direction by a 40° magnetic analyzer. On the opposite side of the Be target ( ::::: 90° to the right of the deuteron beam direction), a detector was placed to receive all alpha particles corresponding to the 7Li recoils which entered the 40° magnetic analyzer. The 7Li recoils were detected in coincidence with the alpha particles after the Li ions had first passed through an interposed AI, Cu, or Au absorbing foil placed between the Be target and the 40° magnetic analyzer.
A similar experimental arrangement was used by Wolke et al. (1963) to measure stopping powers of polystyrene, N 2 , air, AI, Ar, Ni, Kr, and Xe for 0.2-2.7 MeV tritons. A collimated beam of thermal neutrons was directed into a vacuum chamber and onto a 100-p,g/ cm2 foil of 6LiF on a Formvar backing. The 2.736-MeV titrons and 2.052-MeV alpha particles produced by the reaction 6Li(n, a)3H were counted in coincidence by two Si surface-barrier detectors on either side of the foil. The geometry was similar to that of Devons and Towle (1956) , with the triton detector 90° to the left, the alpha-particle detector 90° to the right, ofthe collimated neutron beam direction. The titrons were made to traverse various thicknesses of commercial foils of polystyrene, AI, or Ni. Gas absorbers were also used, with their areal density determined from the measured temperature, pressure, and distance between the 6LiF target and the triton detector. The tritons were unambiguously identified by requiring coincidence with a 2.05-MeV alpha-particle pulse.
Nuclear Reactions Induced by Thermal Neutrons . Andreev et al. (1969a Andreev et al. ( , 1969b ) measured the energy loss in Ar of 0.5-2.0 MeV/ u ions ofLi, Be, B, C, N, 0, Na, and AI produced as fragments in the fission of 235U. A sample of 235U in the form of an oxide was placed in a vacuum tube and irradiated by thermal neutrons from a heavy water reactor. The ions were directed through a collimator into a multi-layer ionization chamber filled with Ar gas at atmospheric pressure. The particles passed through a thin (8 mm) proportional counter, through an organic film of thickness 0.3 mg/cm 2 , and then into a large chamber containing a grid, where they were stopped. The magnitude of the pulses in the counter was proportional to the energy loss of the ion in the Ar gas. Govil et al. (1984) measured electronic energy losses of fission fragments in "P-5 gas" (a mixture of 95 percent Ar and 5 percent methane) at a pressure of 5.9 kPa. A thin 235U source was electro-sprayed on a gold-coated VYNS plastic film (30 p,g/ cm2, area::::: 1 cm 2 ) and placed between two semiconductor detectors mounted on either side of, and at distances 23.1 mm and 23.7 mm from, the source. The chamber was placed in a thermal neutron beam; measured pulses from both sides of the chamber provided information on the particle energy and energy loss. A separate measurement was also made with the chamber in a vacuum, and the kinetic energies of the paired fission fragments were recorded. The stated error in the measurement was::::: 1 percent.
Biersack et ai. (1986) measured the stopping powers of alpha particles and tritons in LiF and several Li alloys. The absorbers were irradiated by thermal (or subthermaD neutrons. 2.055-MeV alpha particles and 2.728-MeV tritons were produced in the reaction 6Li(n, a)T. The energies of the particles emerging from the absorber depend on the depth in the absorber where they were produced. The energy spectrum of the emerging particles was measured, and provided the stopping powers, because-in the continuous-slowing-down approximation-the spectrum is inversely proportional to the stopping power. The uncertainties of the stopping measurements was stated to be 10 percent at 1 MeV and 5 percent at 1.5 MeV.
Use of the Reaction 3He(d,4He)p. Lurio et ai. (1978) used the strongly energy-dependent reaction 3He(d, 4He)p reaction (Q-value = 18.35 MeV) in a substrate supporting the stopping film to measure the energy loss in the film . The films were evaporated over half a substrate which contained a small admixture of 3He. The film thickness was determined in an auxiliary experiment from the back scattered He yield at 2 MeV. The method was used to determine the stopping powers of 80-240 keV deuterons in a Ni target with a stated uncertainty of 10 percent.
Determination of Relative Stopping Powers from Thick-Target Gamma-Ray Yields. Cecil et al. (1981) measured the yield of gamma rays from thick targets ofLiF and LiCI from the reaction 6Li(d, ny)7Be. From the ratio of these yields they estimated the ratio of the stopping power of LiF to that of LiCI for 80-160 keV deuterons. The stopping-power ratios were found to agree poorly with those obtained from the tables of Andersen and Ziegler (1977) .
Average-Stopping-Power Method. Blondiaux et al. (1980) used the average-stopping-power method of Ishii et al. (1978a Ishii et al. ( , 1978b Ishii et al. ( , 1979 , developed in activation analysis studies, to measure stopping powers of protons and alpha particles. The method depends on the analysis of thick-target gamma-ray yields from nuclear reactions. The yield is given by f Ti a{T) Y (T;)=n OS (T) / pdT, (9.26) where n is the concentration of the element of interest, a{T) is the cross section for the nuclear reaction leading to the emission of gamma rays, and S (T) is the stopping power. The yield can also be written as n fT;
YeT) = S(Tm)lp 0 a{T)dT, (9.27) where T m is some intermediate energy between 0 and the initial energy T i • Provided that the stopping power has a dependence on T given by Bethe's theory, it can be shown that an approximation to T maccurate to 0.3 percent-can be obtained from the expression (9.28)
The ratio of the yields from two different targets with concentrations nl and n 2 of the element emitting gamma rays is proportional to the ratio of the stopping powers of the targets: Y1(TJ nl S2(T m) y2(T i ) = n 2 S 1 (T m)' (9.29) Blondiaux et al. (1980) used this method to measure the ratios of the proton stopping powers of Al, Ti, Zn, Nb, and Ta to the stopping powers of the oxides of these metals, at an energy of 2.5 MeV lu. They also measured the ratio of the alpha-particle stopping power of Be relative to that of BeD, at energies between 0.5 and 0.7 MeV /u . The nuclear reactions used in this experiment were 27 Al(p, p ' 1')27 AI , 9.10 Other Methods ... 1 05 48Ti(p, p'y)48Ti, 68Zn (p, y)69Ga, 93Nb(p, y)94Mo, and 181Ta(p, p'y)181Ta. D(d, n)T Reaction in Heavy Ice (D20) Target. Andrews and Newton (1977) determined the stopping powers of heavy ice for 10-30 keV deuterons, by measuring the yield of neutrons from the reaction D(d, n)T. In the equation for the neutron yield, similar to Eq. (9.26), they assumed that the cross section for the reaction is given by a theoretical expression of Gamov (1938) with empirical parameters, and extracted the stopping power from the formula for the neutron yield by an iterative procedure.
Additional Methods
Various additional methods exist, but are used less often than the methods already discussed. The reader is referred to the literature for details on the following three methods: (1) determination of the energy loss of 252Cf fission fragments in N 2 gas by means of a technique in which the luminescence radiation excited by the fission fragments was measured (Axtmann and Sears 1965); (2) determination of stopping powers of heavy recoil ions through the measurement of energy spectra and angular distributions (Schnidman et al., 1973) ; (3) determination of stopping powers of 30-300 ke V He, Li and C ions by an indirect method based on the measurement of radiationinduced resistivity changes in thin silver films (Averback et al., 1979) .
